Prenatal exposure to gonadal hormones plays a major role in the normal development of the male and female brain and sexually dimorphic behaviors. Hormone-dependent differences in brain structure and function suggest that exposure to exogenous endocrine disrupting chemicals may be associated with sex-specific alterations in behavior. Bisphenol A (BPA) is an environmental chemical that has been shown to alter estrogen, androgen, and thyroid hormone signaling pathways. Epidemiological and experimental studies suggest associations between prenatal exposure to BPA and child behavior, however data are inconsistent, and few studies have examined school age children. We examined BPA concentration in spot urine samples from women at mean 27 weeks of pregnancy in relation to child behavior assessed at age 6-10 years using the parent-completed Child Behavior Checklist (CBCL). We report associations between maternal BPA urinary concentrations and several CBCL scores in 153 children (77 boys, 76 girls). We observed a significant interaction between maternal urinary BPA and sex for several behaviors © 2014 Elsevier Inc. All rights reserved. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
INTRODUCTION
During fetal development, gonadal hormones contribute to the sexual differentiation of the brain by directing diverse processes such as neurogenesis, differentiation, migration, synapse formation, and cell death (Cooke et al. 1998) . Sexual differentiation of the male brain is thought to be largely driven by testosterone, which surges between gestational weeks 8 and 24 with a peak at around 16 weeks (Auyeung et al. 2013) . Resultant structural differences across sexes may underlie normal sexually dimorphic behaviors as well as differential prevalence of neuropsychiatric disease in males and females. For example, rates of attention deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), and schizophrenia are significantly higher in males, while more females are diagnosed with anxiety disorder and depression (Bao and Swaab 2011) . While the mechanisms underlying the striking difference in rates and types of behavioral problems across genders are not well studied, laboratory and epidemiological studies suggest that exposure to exogenous endocrine disrupting chemicals during critical windows of brain development may contribute to sex-specific changes in behavior (Paus 2010; Weiss 2012) .
Bisphenol A (BPA), an environmental chemical with known estrogenic activity, has been shown to disrupt brain structure and function in laboratory studies (McCaffrey et al. 2013; Richter et al. 2007b) . These findings are consistent with some studies in humans reporting associations between prenatal maternal BPA and child behavior and executive function (Braun et al. 2009; Braun et al. 2011b; Harley et al. 2013b; Perera et al. 2012) . BPA is used in the manufacture of can linings, plastic food and beverage containers, thermal receipts, medical equipment, cigarette filters, and dental sealants (Duty et al. 2013; Kloukos et al. 2013 ) (Ehrlich et al. 2014; Liao and Kannan 2011; Rudel et al. 2011) . Exposure to BPA is widespread: biomonitoring studies detect BPA in the urine of more than 90% of those tested in the United States, Canada, and Europe (Centers for Disease Control and Prevention 2013; Vandenberg et al. 2010) . In addition to activating estrogen receptors, BPA has been shown to bind androgen and thyroid hormone receptors and is associated with disrupted thyroid hormone production and signaling (Chevrier et al. 2013; Gentilcore et al. 2013; Sohoni and Sumpter 1998) . BPA exposure has reportedly been associated with a number of adverse health effects including cardiovascular disease (Lang et al. 2008; Melzer et al. 2010; Shankar et al. 2012 ), respiratory problems (Donohue et al. 2013; Spanier et al. 2012) , obesity (Harley et al. 2013a) , prematurity (Cantonwine et al. 2010) , infertility Li et al. 2010; Meeker et al. 2010b; Mok-Lin et al. 2010) , and impaired cognition and behavior (Braun et al. 2009; Braun et al. 2011b; Perera et al. 2012; Yolton et al. 2011) .
To date, a small number of studies have examined the association between prenatal exposure to BPA and child behavior, with inconsistent findings. Braun et al. found that gestational exposure to BPA was positively associated with externalizing behaviors in girls at age 2 years, and anxiety, depression, and poor emotional control in girls at age 3 years, but saw no associations in boys using the Behavioral Assessment System for Children (BASC-2) (Braun et al. 2009; Braun et al. 2011b) . Results were strongest for maternal urinary BPA measured at 16 weeks compared with BPA at 26 weeks (Braun et al. 2009; Braun et al. 2011b) . A second study of children aged 3 to 5 years found that boys born to mothers in the upper quartile of prenatal BPA concentration in urine collected during week 34 of pregnancy exhibited increased emotional reactivity and aggressive behavior on the Child Behavior Checklist (CBCL) compared with other boys (Perera et al. 2012) . In contrast, the same study found improved performance on all CBCL scales in girls born to mothers in the upper quartile of BPA exposure compared with other girls (Perera et al. 2012) . Likewise, a recent study found an association between average prenatal BPA concentration measured during the 14 th and 26 th week of pregnancy and increased anxiety and depression in boys, but not girls, at age 7 years as measured by the BASC-2 (Harley et al. 2013b ). Finally, two independent studies reported no association between prenatal BPA exposure and social impairment as measured by the Social Responsiveness Scale in children age 7 to 9 years (Braun et al. 2014; Miodovnik et al. 2011) . As behavior problems in childhood have been shown to predict behavior problems in adolescence and adulthood, better understanding the relationship of BPA to child behavior could inform this important public health issue (Bardone et al. 1998; Fergusson et al. 2005; Goodwin et al. 2009; Kim-Cohen et al. 2003 ).
In our study we asked whether prenatal urinary BPA concentrations are associated with sexspecific changes in behavior in children age 6-10 years. To maximize the limited power of our small study we used an efficient parameterization to model sex-by-exposure interactions and utilized two methods to account for subjects with non-detectable urinary BPA.
METHODS

Study Population
Mothers participating in this study were recruited between 2002-2005 into the Study for Future Families II (SFFII), a multicenter pregnancy cohort study designed to examine associations between prenatal environmental exposures and reproductive outcomes (N=474). In 2010, those participants who had provided prenatal urine samples and whose children were ages 6-10 were recontacted and asked to complete neurodevelopmental questionnaires including the CBCL. Of 333 recontacted, 176 participated. Children were excluded from the final analysis if they had incomplete covariate data (N=8), serious disability (N=1), or were younger than age 6 (N=14), resulting in a final cohort of 153 mother-child pairs. Of these, 28 (18.3%) women had BPA concentrations below the limit of detection (LOD), which was 0.4 μg/L.
Institutional Review Boards at all participating institutions approved all procedures, and informed consent was received from all subjects. The involvement of the Centers for Disease Control and Prevention (CDC) laboratory was determined not to constitute engagement in human subject research.
Maternal Urinary BPA Concentrations
Urine samples were collected in BPA-free containers and frozen at −80 °C. Total urinary BPA (free plus conjugated species) was quantified at the Division of Laboratory Sciences, National Center for Environmental Health, CDC by online solid phase extraction-highperformance liquid chromatography-isotope dilution tandem mass spectrometry with peak focusing as previously described (Ye et al. 2005) . Each batch of study samples also included analytical standards, reagent blanks, and matrix-based quality control materials at two concentrations (~10 μg/L and ~2.5 μ/L)
Behavioral Assessment
We utilized the parent-rated school-age CBCL, an extensively-validated survey of child behavior (Achenbach T 2001; Greenbaum P 2003; Kamphaus RW 2010) . Scores on eight syndrome scales were obtained including: Anxious/Depressed, Withdrawn/Depressed, Somatic Complaints, Social Problems, Thought Problems, Attention Problems, RuleBreaking Behavior, and Aggressive Behavior. Individual syndrome scores were combined to produce three summary measures; internalizing behavior (sum of Anxious/Depressed, Withdrawn/Depressed, and Somatic Complaints scores), externalizing behavior (sum of Rule-breaking and Aggressive Behavior scores), and a Total Problems score (sum of all scores). In addition, six DSM-oriented scale scores were calculated using scoring of items deemed by child psychiatrists to be consistent with DSM-IV diagnostic categories. These scales include: Affective Problems, Anxiety Problems, Somatic Problems, Attention Deficit/ Hyperactivity Problems, Oppositional/Defiant Problems, and Conduct Problems.
For each individual item of the CBCL, parents rated the child on a 3-point scale (0 = "not true", 1 = "somewhat true", 2 = "often true"). Each scale consisted of several individual items, and the sum of the parent ratings for each item on an individual scale resulted in a raw score for that scale, where higher scores indicate worse behavior. We utilized continuous raw scores in our primary analyses. Raw scores can be converted to T-scores based on a national normative sample. A T-score of 50 is assigned to raw scores that are at or below the median, thus individual scale T-scores are left truncated and positively skewed. To assess the number of children with scores in the borderline or clinical range on individual scales, we utilized T-scores. Borderline clinical range indicates a score in the 93 rd -97 th percentile (T=65-69) of the normative sample for Syndrome and DSM scales and 84 th to 90 th percentile (T=60-63) for the three summary scales. Clinical range indicates a score above the 97 th percentile (T>69) of the normative sample for Syndrome and DSM scales and above the 90 th percentile (T>63) for the summary scales (Achenbach T 2001) .
Covariates
We collected information on a wide range of variables that are known or suspected to be associated with either child behavior or BPA exposure. These included child sex, child age, prenatal stress, maternal age, maternal education, premature birth (<37 weeks), prenatal smoking, prenatal drug and alcohol use, and maternal depression. Very few (n=0 or 1) subjects reported prenatal drug or alcohol use, or maternal depression, so we were not able to examine these factors in our analysis.
Statistical Analysis
We calculated univariate, descriptive statistics (mean, standard deviation, minimum, median, maximum, or frequencies if applicable) for all covariates and (raw) CBCL outcome measures. We calculated mean, median, geometric mean with 95% confidence interval, and 25 th and 75 th percentiles for BPA. We measured both specific gravity and urinary creatinine as indicators of urine dilution and found them to be highly correlated with one another. Therefore for descriptive purposes, we accounted for urine dilution by dividing urinary BPA concentration by urinary creatinine concentration to obtain a measure of creatinine-adjusted BPA (μg BPA/g creatinine) (Jackson 1966) . In our regression models we used unadjusted BPA and included creatinine as a model covariate. Because of its skewed distribution, we used the natural logarithm (ln) of BPA in our models. Results were considered significant at p<0.05. We examined between-group demographic differences using chi-squared tests and ttests for normally distributed variables and Mann Whitney U Test for variables that were not normally distributed.
We used multivariate linear regression to examine associations between prenatal urinary BPA and raw CBCL scores. Since previous studies report differences in BPA effects by sex, we fit models both with and without sex-by-BPA interactions. Our first model estimates the overall associations between BPA concentrations and CBCL outcomes, assuming a common slope for boys and girls (Equation 1). Using a re-parameterization of an interaction model (described below) we estimated sex-specific slopes (Equation 2, where sex is coded as 0 for boys and 1 for girls), a model that avoids stratification by sex. Finally, we assessed whether there was a significant interaction between BPA and sex using the interaction model in Equation 3. Equations 2 and 3 are re-parameterizations of the same model, where Equation 3 allows estimation of the significance of the interaction effect, while Equation 2 allows estimation of the sex-specific slopes and their standard errors.
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We examined factors reported to affect BPA exposure or our study outcomes for potential inclusion in our multivariable models. Covariates that changed effect estimates by more than 10% or that were hypothesized a priori to be associated with behavioral changes were retained in the final model. These included child sex, child age at time of CBCL completion (in months), mother's education level (at least a college education versus less than a college education), a measure of family stress, and urinary creatinine. Due to the previously reported correlations between prenatal stressful life events (SLEs) and behavioral outcomes in children, we examined the cumulative number of SLEs experienced by both the mother and father during pregnancy (O'Connor et al. 2003; Wadhwa 2005) . We asked both parents whether they experienced any of the following during the pregnancy: (1) job loss, (2) serious illness/injury in family, (3) death of close family member, (4) relationship difficulties with partner, (5) legal/financial problems, or (6) any other major event. One point was given for each item on which the mother or father answered "yes" and the sum of all 12 SLEs (six from each parent) were used to generate a summary measure (Dohrenwend et al. 1978) .
In our primary analysis, non-detectable maternal urinary BPA concentrations were assigned the value of LOD/√2 as previously recommended (Hornung 1990) . We conducted a secondary analysis in which we excluded the 28 subjects with non-detectable maternal urinary BPA concentration, and a tertiary analysis in which maternal urinary BPA was dichotomized at the median. To assess the impact of potentially influential BPA measurements, we conducted a sensitivity analysis in which we excluded subjects with maternal urinary BPA concentration more than three standard deviations from the mean. In addition, each model was checked for statistical outliers, defined as observations with standardized residuals > 3 in absolute value.
Regression assumptions of normality, homoscedasticity and linearity were checked for all models. Based on these diagnostics, we square-root transformed all CBCL raw scores to stabilize the residual variance. This analysis was conducted with SPSS (v21, IBM) and independently verified by a second analyst using R 2.15.2 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Our primary analysis included 153 children (77 boys and 76 girls). Descriptive statistics are shown in Table 1 . The average age of the 153 children was 8.5 years, with a range of 6-10.5 years. Mean gestational age at urine collection was 26.6 weeks (range 10-39 weeks) and mean gestational age at birth was 39.3 weeks (range 32-42 weeks). 85% of women had a college education and 92.2% were Caucasian. 90 couples (58.8%) experienced one or more stressful life events during the pregnancy.
Boys and girls did not differ significantly by child age or maternal age at time of testing, maternal education, family stress level, gestational age at birth, or gestational age at urine collection (Table 1) . In multivariable models outcome measures were not altered by more than 10% by inclusion of race, smoking, center location, or gestational age at urine collection so these factors were not included in the final analysis. Although smoking and preterm birth (birth before 37 weeks) are known risk factors for adverse behavioral outcomes in childhood, we did not include either of these in the final model because fewer than 2% of women reported smoking during pregnancy, and only 4 children (3.2%) in the final sample were preterm (Table 1 ). In addition neither factor was associated with maternal urinary BPA concentrations during pregnancy, and inclusion in the model did not alter the observed association between BPA and behavior by more than 10% (data not shown). Table 2 shows maternal prenatal urinary BPA concentrations stratified by sex of the child, excluding subjects with non-detectable BPA. Mothers of boys and girls did not differ significantly in their median unadjusted (1.20 vs. 1.00 μg/L) or creatinine adjusted (1.57 vs. 1.56 μg/g creatinine) maternal prenatal urinary BPA concentrations. CBCL raw scores stratified by sex are shown in Table 3 , where higher scores indicate more parent-reported behavior problems. Behavior among boys was significantly worse than among girls on Attention Problems and Rule-Breaking syndrome scales, Externalizing composite scales, and Affective Disorder, ADHD, Oppositional/Defiant Disorder, and Conduct Disorder DSM scales. The number of boys and girls with scores in the borderline or clinically significant range is given in Supplemental Table 1 .
We conducted our primary analysis on 153 subjects in which LOD/√2 was substituted for the 28 subjects with non-detectable urinary BPA. After adjusting for child's age in months, urinary creatinine, child's sex, mother's education (no college vs. college) and SLEs, we observed significant (p<0.05) BPA x Sex interactions (see Equation 3 in Methods) for the aggressive syndrome scale, externalizing composite scale, and Anxiety, Oppositional/ Defiant, and Conduct Disorder DSM scales (Table 4) . However, no significant associations were observed between BPA and any Syndrome, Composite, or DSM CBCL domains in boys, girls, or the combined cohort (Table 4) .
It has been suggested that the substitution method for handling subjects with non-detectable values produces biased estimates (Nie et al. 2010) . Because a larger than expected number of subjects (18%) had non-detectable maternal urinary BPA concentrations, we conducted a secondary analysis in which we excluded subjects with BPA<LOD (n=28). Demographics and BPA statistics for these 125 subjects are shown in Supplemental Tables 2 and 3, respectively. After adjusting for child's age in months, urinary creatinine, child's sex, mother's education (no college vs. college) and SLEs, prenatal urinary concentrations of BPA were significantly and positively associated with somatic problems in the combined cohort (boys and girls), but no other associations reached statistical significance (Table 5) . However, the BPA x Sex interactions (see Equation 3 in Methods) were significant (p<0.05) for withdrawn/depressed and rule-breaking syndrome scores, externalizing composite scores and Oppositional/Defiant and Conduct Disorder DSM scores (Table 4) . Estimation of sexspecific slopes (see Equation 2 in Methods) shows that increased maternal prenatal urinary BPA concentrations were associated with withdrawn/depressed and somatic complaints syndrome scores, internalizing and externalizing Composite scales, and Somatic Problems and Oppositional/Defiant DSM scales in boys (Table 5 ). In contrast, maternal urinary BPA concentration during pregnancy was not significantly associated with any CBCL scores in girls, though the trend was towards negative BPA associations with behavior in girls (Table  5) .
A graph depicting the fold change in raw scores between the 25 th and 75 th percentiles of BPA on scales in which there was a significant BPA x sex interaction in our secondary analysis of subjects with detectable maternal urinary BPA is shown in Figure 1 . We found that boys whose mothers' urinary BPA concentration was in the 75 th percentile had 44% to 186% higher (poorer) scores on withdrawn/depressed and rule breaking syndrome scales, externalizing composite scales, and Oppositional/Defiant Disorder and Conduct Disorder DSM scales relative to boys whose mothers' urinary BPA concentration was at the 25 th percentile. In contrast, girls born to moms in the 75 th BPA percentile had scores that were slightly lower (better) than girls born to moms in the 25 th percentile on the same domains.
To graphically depict the relationship between ln(BPA) and the square root of internalizing and externalizing composite scores in the subset of subjects with detectable maternal urinary BPA, we generated sex-stratified scatter plots, depicted in Figure 2 . The slope of the fitted line shows that the relationship between ln(BPA) and scores on both internalizing ( Figure  2a , solid line) and externalizing (Figure 2b , solid line) composite syndrome scales is positive for boys. In contrast, the relationship between ln(BPA) and internalizing behavior in girls approaches the null (Figure 2a , dashed line), and an inverse relationship between ln(BPA) and externalizing scores in girls was observed (Figure 2b , dashed line).
We conducted a tertiary analysis in which we dichotomized BPA at the median and included the children of 28 women with non-detectable BPA (Supplemental Table 4 ). We observed similar positive trends between prenatal maternal urinary BPA and CBCL scores in boys and not girls. However effects were attenuated compared with our analysis of children whose mothers had detectable BPA.
To assess the impact of possible influential BPA measurements, we conducted a sensitivity analysis in which we excluded the three subjects with maternal urinary BPA concentrations more than three SD above the mean (no subjects had values more than 3 SD below the mean). Exclusion of these 3 subjects strengthened the association between BPA and CBCL outcomes in both the primary and secondary analysis, suggesting that those subjects were not driving significant associations (data not shown). In a separate sensitivity analysis, exclusion of a single statistical outlier with a standardized residual>3 in absolute value did not change the results.
DISCUSSION
This is one of the few published studies to examine associations between prenatal BPA exposure and behavior in school age children. Consistent with previous studies, we observed behavioral sexual dimorphism, with boys showing significantly poorer (i.e. higher) scores than girls in several domains (Achenbach T 2001; Holling et al. 2008 ). We found significant positive associations in boys between prenatal maternal urinary BPA concentration and subclinical scores in several domains; internalizing and externalizing behaviors, withdrawn/ depressed behavior, somatic problems, and oppositional/defiant behaviors. In addition, we found a significant interaction between BPA and child sex for withdrawn/depressed, rulebreaking and externalizing behaviors, and oppositional/defiant and conduct problems, suggesting that the association between prenatal BPA and some behaviors were modulated by child sex.
Our findings are consistent with several, but not all, previous publications. Perera et al reported an association between maternal urinary concentrations of BPA during pregnancy and poorer CBCL scores in boys, and improved CBCL scores in girls aged 3 to 5 years (Perera et al. 2012 ). They found a significant increase in emotional reactivity and aggressive behavior among the boys in the highest quartile of BPA concentrations compared to the lowest three quartiles of third trimester maternal urinary BPA. Similar to our findings, prenatal concentration in girls was associated with a non-significant improvement in scores on all CBCL domains which reached significance for anxious/depressed behavior and emotional reactivity. Similarly, Harley et al. reported increased internalizing behaviors at age 7 years in boys in relation to the average of BPA in maternal urine samples collected at 13 and 26 weeks of pregnancy, but no significant findings in girls (Harley et al. 2013c) . It is interesting to note that although the demographics of our population differ from those of the two aforementioned studies in terms of known behavioral risk factors such as socioeconomic status and maternal education, the associations for prenatal BPA are consistent. This suggests that these associations may be generalizable, however larger confirmatory studies are needed.
In contrast to our findings, Braun et al reported an association between prenatal BPA exposure and externalizing behaviors in girls at age two years, and anxiety, depression, and hyperactivity at age three but no association in boys (Braun et al. 2009; Braun et al. 2011b ). Several differences in design between our studies may account for this inconsistency. Findings in their cohort were strongest for BPA concentrations in urine collected at 16 weeks, earlier than the (mean) 27 weeks in our and other previous studies (Harley et al. 2013b, c; Perera et al. 2012 ). In addition, we utilized different scales (BASC versus CBCL), and children in our cohort were older (age 6-10 versus age 2 years). This suggests that the behavioral effects of BPA exposure may manifest differently depending both on child age and time of exposure. However our findings are consistent with Perera et al whose cohort was 3-5 years old at testing, suggesting that some behavioral effects of prenatal BPA exposures may be long lasting.
The effect of prenatal BPA exposure on childhood behavior is biologically plausible. Disruption of maternal thyroid or gonadal hormones critical to proper brain development may explain the effects of BPA. For example, prenatal BPA exposure is associated with decreased maternal serum free thyroxine (T 4 )and decreased serum thyroid stimulating hormone (TSH) in male neonates (Chevrier et al. 2013) . Several studies have shown associations between urinary BPA concentration and circulating gonadal hormones in adults. In men, urinary BPA has been positively associated with levels of serum testosterone, follicle stimulating hormone (FSH), and sex hormone binding globulin, and inversely associated with estrogen:testosterone ratio and free androgen index (FAI) Meeker et al. 2010a; Mendiola et al. 2010) . In adult females, urinary BPA is positively associated with serum sex hormone binding globulin and androgens Takeuchi et al. 2004) . Although the relationship between BPA and serum sex hormone levels has not been explored during pregnancy, these findings suggest that alterations in serum gonadal hormones could play a role in sex-specific BPA effects on the developing fetus.
A number of animal studies suggest possible mechanisms by which prenatal BPA exposure may directly alter fetal neurodevelopment (Richter et al. 2007a ). Alterations to neocortical structure, changes in estrogen receptor level, disruption of thyroid hormone signaling, and epigenetic changes in the brain have all been described in animal models of prenatal BPA exposure (Itoh et al. 2012; Kundakovic et al. 2013; McCaffrey et al. 2013; Nakamura et al. 2007; Zoeller et al. 2005) . Importantly, many of these changes are sexually dimorphic and associated with aberrant behavior.
Our study has several strengths. We utilized the CBCL, a well validated tool for the assessment of child behavior (Achenbach T 2001) , and found positive associations between maternal urinary BPA during pregnancy and CBCL raw scores in children at 6-10 years. Raw scores are preferable for statistical analysis given that they provide a continuous measure that reflects all possible variation on a given syndrome or DSM-oriented scale (Achenbach T 2001) . In addition, the use of raw scores allows for differentiation between subjects with scores below the clinical or borderline cutoff.
We were able to control for many potential confounders including stressful life events, a measure of prenatal stress, which is a known risk factor for behavioral problems in children (O'Connor et al. 2003; Wadhwa 2005) . We considered the role of additional risk factors including prenatal maternal smoking and preterm birth. Finally, we examined outcomes in models that allow a sex-specific BPA slope, a necessity given the known sex differences in child behavior and the endocrine disrupting potential of BPA (Braun and Hauser 2011) .
We acknowledge several limitations of this study. Of 333 mothers who had prenatal urinary BPA measurement and complete demographic data only 153 whose children were age 6-10 also completed the CBCL, and of these only 125 had detectable maternal urinary BPA. The 333 women with prenatal urinary BPA measurements did not differ significantly from the final cohort of 125 women in maternal age, maternal urinary BPA concentration, or family stress level (Supplemental Table 5 ). The sample of 125 subjects with detectable maternal urinary BPA differed from the 333 subjects in the larger cohort in that the smaller sample was significantly more likely to be Caucasian (94% vs 84%, p=0.004) and to have a college education (85% versus 72%, p=0.007). Boys' mean raw scores in our cohort did not differ significantly in comparison to the normative sample (Achenbach T 2001) . However girls performed significantly better than the normative sample on the Rule-Breaking syndrome scale and Oppositional/Defiant and Conduct Disorder DSM scales. Thus, we do not know if our results would generalize to children in higher risk families. It is important to note that few children in our cohort had scores that reached borderline clinical or clinical significance (Supplemental Table 1 ); further study is needed to determine whether prenatal maternal urinary BPA concentration is associated with clinical diagnoses of one or more behavioral problems.
Although widely utilized, the CBCL is parent-rated, and may be prone to bias and subjectivity (Achenbach T 2001) . Future studies should incorporate teacher-rated surveys as well as direct measurement of child behavior, in addition to maternal assessment. In addition, a single spot urine sample is unlikely to provide an accurate estimate of exposure to BPA throughout pregnancy. Recent studies in which multiple urine samples were analyzed indicate considerable variability in urinary concentrations of BPA across pregnancy (Braun et al. 2011a; Braun et al. 2012; Meeker et al. 2013; Philippat et al. 2013; Quiros-Alcala et al. 2013) . Moreover, Braun et al reported strongest correlations between adverse behavior and urinary BPA measured at 16 weeks gestation compared with BPA at 26 weeks or at birth (Braun et al. 2009; Braun et al. 2011b ). This suggests that our measurements may be subject to misclassification, though this is likely to be nondifferential and it should be noted that the majority of studies that measure BPA have relied on a single spot urine sample. Although we do not have a measure of the child's BPA exposure, two previous studies have shown no association between postnatal exposure and behavior (Braun et al. 2011b; Perera et al. 2012 ). However, a more recent study did find an association between child urinary BPA at age 5 and problem behaviors at age 7 in both boys and girls, highlighting a need for further research into the role of childhood BPA exposure (Harley et al. 2013c) . Because most BPA is rapidly cleared from the body and food is a major source, levels may be confounded by time from last meal as well as time of last urination before urine collection. Inclusion of time of urine collection in the model did not affect outcome measures; however, we lacked information on time of last meal (data not shown).
This study includes a relatively small sample size without sufficient power to include a large number of covariates. In the future larger studies will be better powered to examine the impact of additional potential confounders. Given that pregnant women are simultaneously exposed to numerous environmental factors that may have additive, antagonistic, or synergistic effects, future studies should also examine the effects of exposures to mixtures on behavioral outcomes. Finally, there may be residual confounding by factors related to BPA exposure and child behavior which we were unable to examine.
Mean and median BPA levels in our population were lower than those reported for the US general population and for other cohort studies during the same time period (Perera 2012 , Braun 2009 , Braun 2011 , Harley 2013 ) and a higher percentage of subjects in our study (18%) had non-detectable maternal urinary BPA than most studies. Percentage of nondetectable BPA was relatively high in three (MN, 21%; MO, 19%; IA, 18%) out of four of the participating centers in our study. Of the 57 California subjects who had maternal urinary BPA measurements, 7% had non-detectable BPA and only 9 subjects from this center completed the CBCL and were included in this analysis. Thus the high percentage of subjects with non-detectable BPA could be explained, at least in part, by geographical location. Additional factors known to affect BPA exposure include time from last meal and smoking (Braun et al. 2011a; Geens et al. 2014; He et al. 2009 ). Very few subjects (<2%) in this study were smokers and we lack information on fasting time, so we could not determine whether non-detectable BPA correlated with either of these factors. Finally, non-detectable BPA concentration could be explained by very dilute urine, which can be assessed by measuring urinary creatinine concentration. In our study, mean creatinine was significantly lower for subjects with non-detectable BPA (34.4 mg/dL) than for subjects with detectable BPA (94.2 mg/dL), suggesting that urine dilution could at least partially explain the high percentage of subjects with non-detectable BPA in our cohort.
There has been recent discussion in the literature with regards to statistical treatment of biomarker measures below the LOD (Nie et al. 2010) . Substitution of LOD/√2 is one commonly used method, however, a more recent examination of this method reports that substitution can produce biased effect estimates, while excluding subjects with nondetectable values produces unbiased estimates, assuming that the effect is approximately linear in nature (Nie et al. 2010 ). When we conducted analyses using the substitution method to include the 28 subjects whose mothers had non-detectable BPA concentrations in our cohort, we found several associations between maternal BPA and behavior in boys that were attenuated compared to models without these 11 boys and 17 girls (compare Tables 4  and 5 ). Although subjects with non-detectable BPA did not appear to differ from subjects with detectable BPA, we cannot rule out differences in unmeasured confounders. Deletion of subjects with non-detectable maternal urinary BPA may not be optimal due to a loss of information about subjects with BPA concentrations close to the LOD. Therefore, we conducted tertiary analyses in which we dichotomized BPA at the median (Supplemental Table 4 ). Further studies are needed to determine the best method to account for nondetectable urinary concentrations.
In conclusion, we report an association between maternal urinary BPA concentrations during pregnancy and sexually dimorphic behaviors in school age children. We observed differential associations between prenatal BPA concentration and behavior measures in boys and girls, with increased adverse behaviors in boys, but not girls, in whom we saw a weak non-significant trend towards improved behavior on several scales. BPA exposure is widespread in the general population and a number of health effects have been associated with exposure. This study further suggests that the prenatal period may represent one of particular vulnerability for adverse neurobehavioral outcomes. Given recent increases in the prevalence of neurobehavioral disorders (Boyle et al. 2011; Visser et al. 2013) , additional studies are warranted to further examine the relationship between maternal urinary BPA concentrations during pregnancy and adverse neurobehavioral outcomes.
Highlights
• Bisphenol A is an endocrine disrupting chemical that may affect brain development
• We studied prenatal urinary BPA and child behavior in 6-10 year olds
• BPA was associated with poorer behavior in boys for several CBCL scales
• Sex of the child significantly modified several BPA-behavioral associations
• Prenatal BPA exposure may be related to behavior problems in school age boys Fold change in raw scores between the 25 th and 75 th BPA percentiles for boys and girls on five CBCL domains in which the BPA x Sex interaction term was significant. Covariates in the model include age in months, child sex, maternal education (college vs. no college), and family stress. Scatter plots depicting the association between ln(BPA) and the square root of Externalizing (a) and Internalizing (b) raw scores for boys and girls. The covariate-adjusted slope is depicted for boys (solid line) and girls (dashed line). The dotted lines show 95% confidence intervals for the slopes.
Evans et al. Covariates included in the model: age (months), creatinine, sex, mother's education (no college vs. college), and continuous family stress a Including children of mothers with urinary BPA above and below the LOD, where BPA levels below the LOD were coded as LOD/V2. Covariates included in the model: age (months), creatinine, sex, mother's education (no college vs. college) and continuous family stress.
a Square root transformed continuous raw scores.
